Central activation of the sympathoadrenal system is generally considered to be an essential component of the mechanisms whereby food ingestion stimulates resting energy expenditure. The functional importance of such sympathoadrenal stimulation has been demonstrated primarily in animals. To the extent that central sympathoadrenal stimulation is required for normal human nutrient induced thermogenesis, this process should be defective in patients with com plete cervical spinal cord lesion and severed connection between the central nervous system and the peripheral sympathetic nerves. Consequently, respirat ory gas exchange was measured by indirect calorimetry in 9 tetraplegic patients and in 6 healthy individuals. Measurements were performed before and 2 hours after ingestion of a standardised mixed meal (40% of basal 24 h energy requirements). The basal energy expenditure was 64 ± 4 watts in the tetraplegic patients and 79 ± 6 watts in the controls. After the meal, energy expenditure increased on average by 17 ± 2 watts or 26 ± 3% of the basal values in the patients and by 14 ± 2 watts or 19 ± 3% in the healthy controls (NS). The thermic effect of the meal, ie the rise in energy expenditure expressed in percent of the meal's energy content, was 5.5 ± 0.7% in the patients and 3.8 ± 0.6% in the controls (NS). Plasma concentrations of noradrenaline were low in the tetraplegic patients (0.3-0.4 nmol/I) compared to the healthy controls (1.1-1.4 nmol/I), p < 0.02. It is concluded that nutrient-induced thermogenesis in tetraplegic patients with low sympathoadrenal activity is not diminished compared to healthy controls. The findings indicate that efferent sympatho adrenal stimulation from the brain is not a causal necessity for nutrient-induced thermogenesis in man.
Introduction
It is well known that food ingestion in creases the metabolic rate to levels above basal. 1 -5 This phenomenon, referred to as nutrient-induced thermogenesis, starts with in a few minutes, reaches its maximum after approximately 1 h and lasts for up to 6 h after food ingestion. The extra oxidative metabolism after meals is of quantitative importance for daily heat production and also, on a long term basis, for body weight homeostasis. The physiology of nutrient induced thermogenesis has attracted clinical interest mainly because of its possible role in counteracting the development of obesity. In most obese individuals as well as in other conditions of insulin resistance, nutrient induced thermogenesis is reduced below normal levels.6 -11 However, the precise mechanisms whereby nutrients stimulate energy expenditure are not fully under stood. Carbohydrate intake has been demonstrated to cause central stimulation of the sympathoadrenal system, a mechanism believed to contribute to nutrient-induced thermogenesis. 1 2-1 7 On the other hand, protein is known to stimulate the meta bolic rate far more effectively than carbo hydrates and to do so without any measur able effect on the sympathoadrenal sys tem. 1 6 ,1 8 ,1 9 The aim of the present study was to assess the possible causal importance of central sympathoadrenal stimulation for the thermogenesis occurring in man after inges tion of a normal, mixed meal. Using indirect calorimetry, we measured the thermogenic response to a standardised, liquid, mixed meal in patients with complete cervical spinal cord injuries. Since in these patients contact between the central nervous system and the peripheral sympathetic nerves was severed, the anatomical prerequisite for central stimulation of the sympathoadrenal system was missing. 20 The thermogenic re sponse in the tetraplegic patients was com pared with that obtained in healthy indi viduals after similar meals as well as with the response in a control group of tetraplegic patients receiving equal volumes of water instead of the meal.
Methods

Subjects
Seven male patients with chronic complete lesions of the cervical spinal cord and 6 healthy men participated in the study. The patients were consecutively admitted to the study. The first 6 patients received a mixed meal (group A) and the next 3 patients water (group B). Two of the patients parti cipated in both groups. All the patients were examined clinically and neurologically and classified as Frankel class A,21 with injury levels between C4 and C7. Clinical and anthropometric data are given in Table 1 . All the patients had neuropathic bladders and used condom drainage, none had in dwelling catheters. The tetraplegic patients had maintained steady bodyweight during the preceding 2 years. None of the patients had taken any medication on the day of the study. Otherwise, daily medication was for 2 patients in the meal group (A) and 2 in the control group (B) baclofen (Lioresal®, CIBA-GEIGY) for muscle spasm prophy laxis. In addition, the 2 patients in group B were on prazosin (Peripress®, Pfizer) for urinary bladder control. All subjects were informed of the nature, purpose and pos sible risks of the study before giving their voluntary consent to participate. The study protocol was reviewed and approved by the institutional ethics committee.
Methods
The studies were performed in the morning after an overnight fast of 12-14 h. An antecubital vein was cannulated for blood sampling. Expiration gas was collected by mouth-piece for measurements of ventila tion and respiratory gas exchange using a pneumotachograph and paramagnetic and infrared analysers for oxygen and carbon dioxide, respectively (EOS Sprint, Jaeger, Wtirzburg, Germany). In the basal state expiration gas was collected for 30 min. After the meal, gas was collected for 7 min at the end of every 15 min period during the 2 h postprandial study period. In the tetra plegic control group the gas collection was terminated at 90 min after the water in gestion. Venous blood samples were drawn before and every 15 min after the meal for determination of plasma concentrations of glucose, insulin and catecholamines. Blood glucose was determined by the glucose oxidase method. 22 Plasma insulin levels were measured by radioimmunoassay, 23 noradrenaline and adrenaline by HPLC and electrochemical detection.24 Heart rate was followed by continuous electrocardiogram recording (Cardiac Monitor 573, Kone, USA) and blood pressure was measured by sphygmomanometer technique every fifth min using an automatic blood pressure recorder (Paramed, model 9300, USA). Energy expenditure was calculated from the pulmonary gas exchange.2 5 .26 The mixed meal was in liquid form (600-700 ml), with an energy composition of 52% carbo hydrate, 37% fat and 11% protein (Clini feed®, Roussel Nutrition, France). The total energy content of the meal was set to 40% of the 24 h basal energy requirement, calcul ated from the individually basal energy expenditured, measured immediately prior to the meal. The tetraplegic control group received water only in volumes correspond ing to the liquid meals given. '"" 
Results
Total oxygen uptake
Total oxygen uptake in the basal state was 187 ± 10 ml/min in the patients (A + B)
and significantly lower ( p < 0.01) than in the healthy subjects, 235 ± 5 ml/min. In response to the meal the oxygen uptake increased during the first 60 min, after which it was essentially unchanged for the rest of the postprandial study period (Table  II) . In the patients (group A) the meal caused an average postprandial increase of 49 ± 5 ml/min or 28 ± 3% of basal. In the healthy subjects the corresponding values were 44 ± 6 ml/min or 19 ± 2% basal. The difference between the patients (A) and the healthy subjects did not attain statistical significance. In the patients (B) receiving water only, the postprandial oxygen con sumption averaged 3 ± 7 ml/min or 2 ± 4% above the basal level.
Respiratory exchange ratio
Respiratory exchange ratio in the basal state was 0.83 ± 0.02 in the patient groups (A + B) and 0.86 ± 0.04 (NS) in the healthy subjects. In response to the mixed meal respiratory exchange ratio rose ( p < 0.05) to a maximum level of 0.88 ± 0.03 after 90 min in the patient group A, indicating an increase in the rate of carbohydrate oxida tion (Table II) . In the healthy subjects the basal respiratory quotients were unex pectedly high and fell during the first 15 min after the meal. This was followed by a gradual rise to levels similar to those in the patients (A). The difference between the patients (A) and the healthy subjects did not attain statistical significance. In the patients (B) given water the respiratory exchange ratios tended to vary but remained low during the latter part of the study period. Fig 1) . The thermic effect of the meal, ie the increase in energy expenditure expressed in percent of the meal's energy content, was 5.5 ± 0.7% in the patients (A) and 3.8 ± 0.6% in the healthy controls (Fig 2) . The difference was not statistically signific ant.
Heart rate Heart rate in the basal state was 55 ± 2 beats/min in the patients (A + B), and 64 ± 2 beats/min in the healthy subjects ( p < 0.05). After the meal the heart rate rose significantly ( p < 0.05), by an average of 6-7 beats/min above basal levels, in both the patients (A) and the healthy subjects. In the patients (B) receiving water only, there was no postprandial increase in heart rate.
Blood pressure Blood pressure was followed throughout the studies. In the basal state the systolic pres sure was 108 ± 5 in the patients (A + B) and 114 ± 2 in the healthy subjects. The cor responding diastolic values were 59 ± 4 and 67 ± 3. No significant postprandial changes occurred in either the systolic or the dias tolic pressures.
Venous blood glucose concentration
Venous blood glucose concentration in the basal state was 3.9 ± 0.1 mmol/l in the ...
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... Figure 2 Thermic effe ct of a mixed meal in 6 tetraplegic patients (hatched column) and 6 healthy controls (open column). Mean ± SEM. Thermic effect was calculated as the postpran dial rise in energy expenditure expressed as percent of the meal's energy content .
patients (A + B) and 4.3 ± 0.2 in the heal thy controls. The patients in group A had significantly lower basal values than the healthy subjects (p < 0.05), whereas group B had not. After the meal the blood glucose concentration rose gradually in both groups (Fig 3) . In the patients (A) the initial rise was significantly higher (p < 0.05) than in the healthy subjects. In the patients the peak values were reached after 45 min, in the healthy subjects after 30 min. From 75 to 120 min after the meal the glucose levels were significantly higher in the patients (p < 0.05) than in the healthy subjects. The average postprandial rise in glucose concen tration above basal was 1.7 ± 0.2 mmoIjI or 46 ± 7% in the patients (A) and 0.4 ± 0.3 mmoIjI or 11 ± 7% in the healthy subjects (p < 0.05). In the patients (B) receiving water, the glucose concentrations remained essentially unchanged during the postprandial study period.
Plasma insulin
Plasma insulin in the basal state was 6.5 ± 0.8 mUll in the patients (A + B) and 7.1 ± 0.8 mUll in the healthy subjects (NS) ( Table III) . During the first postprandial hour the insulin concentration rose by on average 61 ± 8 mUll in the patients (A) and 52 ± 10 m U jI in the healthy controls (p < 0.05). During the second postprandial hour there were no significant differences between the patients (A) and the healthy subjects. No changes in plasma insulin concentrations were observed in the pa tients (B) receiving water.
Catecholamines
In the basal state the blood concentration of noradrenaline in the patients (A + B) was 0.36 ± 0.09 nmoljI, significantly lower (p < 0. 02) than in the healthy subjects, 1. 05 ± 0. 20 nmol/l. After the meal the noradrenaline concentrations showed a stat istically insignificant tendency to increase in the healthy subjects, the highest postpran dial values being 1. 28 ± 0. 21 nmol/l. In the patients, the plasma levels remained low and not significantly different from basal during the postprandial study period in both groups. The concentrations of adrenaline were below measurable levels in both the patients and the healthy subjects.
Discussion
The present results demonstrate that the rise in energy expenditure during the first 2 h after a standardised mixed meal is not diminished in patients with clinically com plete lesions of the cervical spinal cord compared with healthy controls. In fact, the early phase of the thermic effect of the meal, ie the increase in energy expenditure expressed in percent of the meal's energy content, tended to be greater rather than smaller in the patients compared to the healthy controls (Fig 2) . In this context it may be noted that a reduced lean body mass has been reported in tetraplegic patients. 29 Body composition was not directly measured in the present study but the ratio between basal energy expenditure and body weight was approximately 14% lower in the patients than in the healthy controls (Table  I, II) . Since the basal energy expenditure is directly related to lean body mass30 in patients with tetraplegia,2 9 .3 1 this finding indicates that the lean body mass was also significantly reduced in the present patients. Consequently, the thermic effect of the meal, when considered in relation to lean body mass, is likely to be greater in the patients than in the healthy controls. Central activation of the sympatho adrenal system has been considered to be an essential component of the mechanism whereby nutrients stimulate the body's energy metabolism. In tetraplegic patients, however, the central activation of the sym pathic nervous system is dissociated from cerebral regulation. The sympathoadrenal activity was very low in the patients, both in the basal state and after the mixed meal, as assessed from the plasma concentrations of cathecholamines. The patient's plasma noradrenaline levels were only one third of those in the healthy subjects and the adrena line concentrations were below the level of detection. In addition, the patients showed no significant rise in noradrenaline concen trations in response to the meal. In the healthy subjects, noradrenaline levels tended to rise slightly but no significant .p..
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increments occurred in response to the meal. However, in larger study groups receiving mixed or carbohydrate-rich meals, significant noradrenaline increments have been reported. 1 2 ,1 3 ,1 5 -17 In many patients with tetraplegia due to cervical spinal cord lesions, episodes of so called autonomic dysreflexia may occur in respones to various stimuli (eg distension or emptying of the urinary bladder, distension of the bowels). 2 1, 32 , 33 During such episodes, manifested by elevated blood pressure, bradycardia, flushing and sweating, in creased blood levels of catecholamines have been demonstrated indicating increased peripheral sympathetic nervous activity, 3 2 The adrenergic receptor response to such episodes of activity in peripheral sympa thetic nerves may be heightened by de nervation supersensitivity. Consequently patients showing signs of autonomic dys reflexia were excluded from the present study, Two of the patients given water developed elevated body pressure, brady cardia and sweating in association with bladder emptying. Their results were not included in the study. None of the others showed clinical signs of autonomic dysre flexia during the course of the study. It is thus unlikely that local reflexogenic sympa thetic activity contributed to the postpran dial rise in energy expenditure. The finding of a substantial increase in energy expend iture after ingestion of a mixed meal in tetra plegic patients with no accompanying rise in sympathoadrenal activity runs counter to the view that central stimulation of the sympathetic nervous is of causal importance for the regulation of a significant proportion of nutrient-induced thermogenesis. 1 2-1 5 ,17 However the mechanism behind the nu trient-induced thermogenesis is still incom pletely understood. Recent studies have shown that the magnitude of the nutrient induced thermogenesis may vary according to thermoregulatory requirements. Several studies have demonstrated a reduced thermo genic response in obese individuals.6-11 In addition, artificial thermal insulation of the abdominal wall in normal-weight subjects has been found to reduce the nutrient induced thermogenesis to much the same extent as in the obese. The generation of Paraplegia 31 (1993) heat was found to be depressed to such an extent that heat accumulation did not ex ceed the set point for the arterial blood temperature.6 These results have prompted the hypothesis that the nutrient-induced thermogenesis occurs primarily in peri pheral tissues and may be reduced by inhibitory signals from the central nervous system, which are necessary to avoid hyper thermia in individuals in whom the condi tions for normal heat dissipation are im paired (eg in obese individuals), 6 It is not known by which mechanisms or neural tracts the thermoregulatory nuclei are able to reduce the whole-body heat production, It is possible, however, that this mechanism occurs via efferent neural signals from the central nervous system, Patients with cer vical spinal cord lesions lack the anatomical basis for such inhibitory mechanisms. An increased nutrient-induced thermogenesis would then be expected in tetraplegic pa tients. Defective inhibition of peripheral heat production would also help explain why many tetraplegic patients are prone to develop hyperthermia in warm environ ments.
Several factors may have contributed to the small rise in heart rate that occurred after the meal in both the patients and the healthy controls. It may be secondary to reduced parasympathetic activity, to the increase in metabolic rate or, possibly, to the increase in blood temperature34 which occurs in response to food ingestion.63 5 Blood temperature was not monitored in the present study.
The basal blood concentration of glucose tended to be somewhat lower in the patients than in the controls. After the meal, blood glucose levels increased significantly more in the patients than in the healthy subjects. Along with glucose, the rise in the plasma concentration of insulin was significantly steeper in the patients than in the healthy controls. This finding confirms earlier ob servations of insulin resistance in tetraplegic patients. 36, 3 7 In this context it may be mentioned that insulin resistance has been proposed as one of the possible mechanisms that may reduce nutrient-induced thermo genesis in obese individuals and patients with diabetes type 2.3 8 However, the pres-ent results show that the insulin resistance that occurs in tetraplegic patients is not
